A novel method using a moc (mannityl opine catabolism) region from the Agrobacterium tumefaciens Ti plasmid pTi15955 was developed as a tag to identify genetically modified microorganisms released into the environment. Pseudomonasfluorescens 1855.344, a plant-growth-promoting rhizosphere bacterium, was chosen as the organism in which to develop and test the system. moc genes carried by pYDH208, a cosmid clone containing a 20-kb segment of the octopine-mannityl opine-type Ti plasmid, conferred on P.fluorescens strains the capacity to utilize mannopine and agropine (AGR) as a sole source of carbon and energy. Modified P. fluorescens strains containing moc or moc::nptII inserted into a chromosomal site were constructed by marker exchange. One such modified strain, PF5MT12, utilized AGR as a sole carbon source and contained detectable levels of mannopine cyclase, an easily assayable enzyme encoded by the moc region. Catabolism of AGR could be used to recover selectively the marked strain from mixed populations containing a large excess of closely related bacteria. Nucleic acid-based detection strategies were developed on the basis of the unique fusion region between Agrobacterium DNA and Pseudomonas DNA in strain PF5MT12. The specificity and sensitivity of detection of PF5MT12 were enhanced by amplifying the fused DNA region by using PCR. The target fragment could be detected at levels of sensitivity comparable to those of other described PCR-based gene tags, even in the presence of high levels ofAgrobacterium, Pseudomonas, or Escherichia coli DNA. This gene tag strategy gives a method for direct selection and enumeration of the marked strain from mixtures containing a large excess of closely related bacteria and a sensitive and highly specific system for detection by PCR amplification of the target fragment even in the presence of large amounts of DNA from related or unrelated organisms.
Microorganisms with genetic modifications are being designed and developed for agricultural purposes and for remediation of toxic wastes and chemical residues (10) . The release of such genetically engineered microorganisms (GEMs) into the environment is being pursued with some caution, in part because very little is known about the fate of released GEMs (10) . Concerns about releasing GEMs include the possibility of transferring genetic information into indigenous microflora and conferring on these organisms unusual and potentially deleterious characters (10) . Monitoring GEMs in target ecosystems requires unique genetic markers. These markers should be highly specific and useful for direct selection as well as for detection under conditions in which the GEMs may be present at very low levels or in samples containing a large excess of other related organisms.
Several monitoring methods have been developed to identify GEMs. Culturing methods using selective media require the growth of GEMs, and this may not be appropriate if the organisms are dormant in the ecosystem (10) . Furthermore, the trait used for selection must be unique to the marked GEM. A popular marker system for tagging involves the use of mutants resistant to certain antibiotics (10) . Unfortunately, such mutations can cause deleterious effects on the environmental fitness of the GEMs (19) . In addition, indigenous soil organisms often are resistant to antibiotics, an occurrence that seriously compromises the usefulness of such markers. A relatively sensitive and selectable system using lacZY genes from Escherichia coli has been developed for monitoring fluorescent pseudomonads (14) . However, the lacZY system loses selectivity when indigenous lactose-catabolizing microorganisms exist in the ecosystem.
Other tagging methods using monoclonal antibodies (26), gene probes (5, 6, 8) , and bioluminescence (31) have been developed to detect GEMs released into the environment. While often sensitive, these markers do not allow for direct selection and enumeration. Immunoblot assays were developed to detect heterologous Rhizobium meliloti strains (26) .
However, it is often difficult to obtain monoclonal antibodies with high affinity against the appropriate epitopes. Bioluminescence has been used to track a released strain of Xanthomonas campestris pv. campestris which carries the Lux transposon, Tn4431 (31) . Although this system is highly specific and apparently unique among rhizosphere and phyllosphere bacteria, bioluminescence is an energetically demanding process, and successful detection of lux-tagged bacteria requires that they be metabolically active. Since lux genes are carried by a transposable element, there is the further drawback of the possibility of horizontal gene transfer and concomitant loss of specificity.
Recently, a highly sensitive detection method using a PCR was developed to monitor specific organisms in the environment (33, 34) . PCR is useful for detecting GEMs from complex environmental samples and provides a highly sensitive detection methodology (34) . However, specificity is dependent upon the uniqueness of the sequence to be amplified.
In this study, we present a novel gene tagging system that uses genetic determinants encoding catabolism of two rare carbon compounds, mannopine (MOP) and agropine (AGR) (13, 16) . We describe here a strategy for tagging a plant-growth-promoting Pseudomonas fluorescens isolate with the mannityl opine catabolic (moc) region from the Agrobacterium tumefaciens Ti plasmid pTi15955 and the development of methodologies for the enumeration and PCR-based detection of the marked bacterium.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and their relevant characteristics are listed in 15 ,ug/ml, ampicillin at 100 ,ug/ml, and kanamycin (KAN) at 50 ,ug/ml; for P. fluorescens, TET at 10 p.g/ml and KAN at 30 ,ug/ml; for A. tumefaciens, TET at 2.5 ,ug/ml and KAN at 50 pLg/ml. A. tumefaciens and P. fluorescens strains were grown interchangeably in Pseudomonas minimal medium (PM) (25) or in AT minimal medium (AT) (36) at 28°C. Medium containing an opine as the sole carbon source was solidified with Noble agar (Difco). Bochner's medium (7) was used for selecting Tets colonies. MOP and AGR were synthesized in our laboratory as described by Dessaux et al. (12) . DNA manipulations. Genomic DNA from P. fluorescens and A. tumefaciens strains was purified as described by Chesney et al. (9) , and plasmid DNA was isolated by the alkaline lysis method (20) . For isolating DNA for PCR analysis, P. fluorescens PF5MT12 was grown in 2 ml of LB overnight at 28°C, and the culture was adjusted to 2 x 108 cells per ml and then serially diluted to 2 x 104, 2 Tris-HCl (pH 8.0) containing 4 mg of lysozyme per ml rather than in 600 RI of Tris-EDTA (20) .
To construct a genomic library of P. fluorescens 1855.344, the total DNA of the strain was isolated, digested partially with Sau3A, and size fractionated by centrifugation at 116,000 x g in a 12.5 to 50% NaCl gradient. Fractions of the gradient containing 20 Restriction endonuclease digestions of DNA were done as described by the manufacturer (GIBCO BRL). Fragments were separated by agarose gel electrophoresis in Tris-borate-EDTA buffer (20) .
Marker exchange experiments. Constructs were marker exchanged into the chromosome of P. fluorescens as described by Ruvkun and Ausubel (28) . Homogenotizations were confirmed by Southern hybridization analysis.
Southern and dot hybridizations. Denatured DNA fragments from agarose gels were transferred by capillary action onto Photogene nylon membranes (GIBCO BRL). For dot blot hybridizations, DNA was denatured with 0.1 volume of 3 M NaOH and 0.1 M EDTA for 1 h at 65°C and neutralized with 1 volume of cold 2 M ammonium acetate. The denatured DNA was applied to Photogene nylon membranes by using a Microsample filtration manifold (Scleicher & Schuell, Inc., Keene, N.H.). Hybridization probes were labeled with bio-14-dATP by nick translation as described by the manufacturer (GIBCO BRL). Hybridizations were done at 58°C for 16 Utilization of MOP or AGR by bacteria. To assess the utilization of MOP or AGR by bacteria in liquid medium, Agrobacterium and Pseudomonas strains were grown in 2 ml of AT or in 2 ml of PM supplemented with the opine to be tested as a sole carbon source at a final concentration of 5 mM. At various times, the turbidity of the culture was assessed visually.
In addition, 5-pA samples from each culture were removed and analyzed for the presence of the opines by high-voltage paper electrophoresis in acetic acid-formic acid (pH 1.9) buffer (13) . The opines separated by high-voltage paper electrophoresis were detected by staining with alkaline silver nitrate as described by Dessaux et al. (13) . Growth of bacteria on AT or PM agar plates containing 5 mM MOP or 5 mM AGR was estimated by daily visual inspection over a 7-day period.
Direct selection of opine-utilizing bacteria. Cells of P. fluorescens(pYDH208) and PF5MT12 were grown overnight in 2 ml of LB, serially diluted in 0.85% NaCl, and mixed with P. fluorescens(pYDH208::TnS-499) (16) ,kGR plates, it grew very poorly on Plasmids pB5a and pB6 were mobilized into P. fluorescens
). Fast-growing mutants of P. fluore-1855.344 by mating as described previously (17), and transcon-PM-MOP plates 4 to 5 days after jugants carrying each plasmid were selected on PM-Glu plates )H208 and pRB4 encode the struccontaining TET. Phenotypes of P. fluorescens(pB5a) were the IOP cyclase, an enzyme that cyclizes same as those of P. fluorescens(pRB4); the strain grew well on th P. fluorescens(pYDH208) and P.
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4 to 5 days after inoculation. The P. fluorescens(pB6) strain ic clones. A cosmid clone containing grew poorly on PM-AGR plates, failed to grow on PM-MOP he insert was identified from the P.
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If P. fluorescens DNA. A restriction activity. istructed by using several restriction Construction of AGR-catabolizing Pseudomonas strains by ithern hybridization analysis showed marker exchange. Single colonies from P. fluorescens transconr with the chromosome of P. fluorejugants carrying pB5a and pB6 were inoculated into separate t shown). This clone served as the 2-ml volumes of LB without antibiotics and incubated oversome insertion constructions.
night at 28°C. A 20-pl volume from each culture was reinocrere constructed (Fig. 1) . The 13-kb ulated into 2 ml of LB, and this culture cycling was repeated YDH208::Tn5-8 (16) , which contains four times. To isolate a moc-nptII homogenote of pB6, bacteefaciens moc region and nptlI (the rial cells were diluted serially to give 100 to 200 colonies per e from Tn5 [3] ), was cloned into the plate and spread onto NA plates containing KAN. After ting in pB6 (Fig. 1) . For the second overnight incubation, colonies were replica plated onto NABamHI fragment from pRB4 (Table  TET plates. About 40% of the colonies that grew on NA-KAN Pc region only, was cloned into the were sensitive to TET, indicating that double-crossover events ilting in pB5a. In each case, these occurred spontaneously at a high frequency. A homogenote of the marker gene fragment being pB6 was named PF6MT1. Attempts to isolate spontaneous homogenotes carrying the moc region of pB5a by a similar strategy using selection for utilization of AGR resulted only in the isolation of transconjugants containing the entire plasmid co-integrated in the -bacterial chromosome. Direct (Table 2) . Both strains contained easily detectable levels of MOP cyclase activity ( Fig. 2 and results not shown) .
Insertion of the marker gene fragments into the chromosome had no detectable effect on the growth rates of the Pseudomonas strains on solid or in liquid minimal or rich medium (30) (data not shown). In addition, the two marker exchange mutants colonized roots of tobacco plants to the same extent and with the same kinetics as those of the parent strain (30) .
Direct selection efficiency of PF5MT12 on PM-AGR plates. The usefulness of the moc genes as a marker for the direct selection and enumeration of the tagged P. flulorescens strains from mixed cultures was determined. When cells of P. fluorescens(pYDH208) or PF5MT12, mixed with a closely related strain in various ratios, were spread on PM-MOP or PM-AGR plates, the numbers of colonies appearing on opine plates were essentially the same as the number of colonies from the appropriate dilution of P. fluorescens(pYDH208) or PF5MT12 appearing on PM-Glu plates (Table 3) .
Amplification and detection of the target fragment. The (Fig. 3) . The DNA sequence of this fusion region was determined as described in Materials and Methods. Two oligonucleotides, HP1 and HP4 (Fig. 3) , complemen- Mean of four replications. " Expected CFU were determined by measuring the titcrs of the pure cultures of P. fluorescens(pYDH208) or PF5MT12 used to make the dilution mixture.
' P. fluorescens(pYDH2t)8) and P. fluorescens(pYDH208:Tn5) were recovered on PM-MOP; P. fluorescens PF5MT12 and 1855.344 were recovered on PM-AGR.
ethidium bromide-stained agarose gels when total DNA isolated from as few as 103 cells of PF5MT12 was used for PCR amplification (Fig. 5) .
To confirm that the amplified DNA fragment was indeed the target fragment and to determine the sensitivity of detection, amplified DNA was separated by electrophoresis, transferred to nitrocellulose membranes, and hybridized with a biotinlabeled 1.0-kb NaeI-FspI fragment which overlaps the fusion site (Fig. 3) . The probe hybridized strongly to a 1.2-kb fragment migrating to a position indistinguishable from that of the band visualized by ethidium bromide staining (Fig. 4B) . No other hybridizing bands were detected with the stringency conditions used in this experiment. No amplification products of any size were detected by hybridization from PCR mixtures containing P. fluorescens 1855.344 DNA or A. tumefaciens 15955 DNA (Fig. 4B) . A positive hybridization signal was detected when as little as 1.6 pg of purified DNA representing total DNA from 102 cells of PF5MT12 was used for PCR amplification (Fig. 4B) .
The usefulness and sensitivity of dot blot hybridization was determined by hybridizing the biotin-labeled probe to membranes containing PCR-amplified samples from reaction mixtures containing decreasing amounts of strain PF5MT12 -HPI <.
-P :.. reaction mixtures. There were no apparent differences in the intensity of the bands in the gel, and no other amplified products were detected (Fig. 6 ). Strategies for detecting released GEMs must have four characteristics. First, the marker should allow for the direct selection of the tagged organism from environmental samples that contain a variety of closely related microorganisms. Second, assays for the marker or its phenotype should be simple, inexpensive, and amenable to the processing of large numbers of samples. Third, the marker should possess a high degree of specificity such that there is a certainty that the phenotype it confers is associated solely with the tagged organism in the release environment. Fourth, assays to detect the marked organism should be sensitive and specific.
Our strategy, which exploits a nutritional marker involving utilization of a novel carbon source, satisfies these requirements. The fact that P. fluorescens PF5MT12 utilizes AGR as a sole carbon source allows direct selection and enumeration of tagged organisms from mixed populations. Our results indicate that the selection is extremely sensitive and highly selective. It can detect and enumerate the marked organism at low numbers even when in the presence of a 107 to 108 excess of competing bacteria (Table 3) . Some Pseudomonas species and coryneform bacteria utilize some opines (23) . However, utilization of AGR has never been detected in organisms other than some Agrobacterium isolates. This might pose a problem when applied to sampling soils harboring high populations of AGR-catabolizing agrobacteria. However, other distinguishing, unselected traits such as colony morphology, colony color, or innate fluorescence can be used to differentiate the marked organism from the co-selected agrobacteria. Apart from this one limitation, selection for utilization of this substrate under most conditions and from ecosystems in which Agrobacteriuln spp. is not found should yield only the marked bacterium.
In addition to direct selection, our marker strategy lends itself to several detection methods. The fusion junction between the P. fllorescenis host DNA and the Agrobacteriulni marker DNA constitutes a unique sequence, probably not present anywhere in nature. This sequence is easily detected by PCR-based amplification. As shown in Fig. 6, this (33) , llax genes (31) , and sequences from Tn5 (27) . The specificity of these sequences again will be dependent upon the frequency at which they might appear in the populations of microbes indigenous to the site being sampled. Our strategy differs from these in that it targets an artificial fusion of DNA sequences derived from two phylogenetically distinct organisms. Our results show this to provide a highly specific detection strategy. The presence of a vast excess of DNA from either of the two parents had no detectable effect on PCR-based amplification of the fusion or on detection of this amplification product by hybridization. Thus, a GEM marked in this fashion should be specifically detectable, even if the sampled environment contains large numbers of very closely related microorganisms. Gene systems used to mark organisms destined to be released into the environment must be stable within the organism. Studies of tobacco root colonization by strain PF5MT12 over a 12-week period indicatc that the moc segment is not lost at a detectable frequency (<10-3) (3(0). In addition, marker genes should not be transmissible to other indigenous microbes; that is, they should be genetically contained. These two requirements are best met by inserting the genes into the chromosome of the GEM. Several systems involving carrier transposons have been described to construct such insertions (2, 24) . In this work, we describe an insertion system based on homologous recombination. We 
